The effect of nitrate and ammonium on the extractable activity of two enzymes of assimilatory sulfate reduction, ATP sulfurylase (EC 2.7.7A) and adenosine 5'-phosphosulfate sulfotransferase (APSSTase), was examined in Lemxa minor L. cultivated under steady state conditions. Nitrate reductase (EC 1.6.6.1) was measured for comparison. Low nitrate concentrations (0.2 and 0.04 millimolar) caused a decrease in the specific activity of all three enzymes measured. Twenty-four hours after transfer to medium without a nitrogen source, the specific activity of APSSTase and nitrate reductase was at less than 30% of the orginal leveL whereas ATP sufurylase was still at about 80%. NHM4 added to the nutrient solution caused a 50 to 100% increase in the specific activity ofAPSSTase within 24 hours, followed by a slow decrease. After 72 hours with NH44, the specific activity was still 25% higher than originally. During the same period, the extractable protein increased by 30% on a fresh weight basis, and total protein by 55 to 60%. Nitrate reductase activity decreased to less than 5%. After omission of NHEV from the nutrient solution extractable APSSTase activity rapidly decreased to the level of cultures with NO3-as a nitrogen source. Using SISSO4'-as a sulfur source, an increased incorporation of label into the protein fraction could be detected when NH14' was added to the nutrient solution. This indicated that more sulfate was assimilated and used for protein synthesis. The higher extractable activity of APSSTase with NH4' may be a regulatory mechanism involved in the formation of sufficient sulfur amino acids during a period of increased protein synthesis.
Several studies have established regulatory interactions between assimilatory nitrate and sulfate reduction (8, 9, 13, 20-22, 27, 28) in plants. Because they use most ofthe assimilated nitrate and sulfate for protein synthesis where N and S occur at a molar ratio of about 25:1 (21), these regulatory interactions were proposed as a mechanism to coordinate and balance the flow of these two essential elements to meet the needs of net protein synthesis (21, 22) . A coordinated regulation was especially well demonstrated for NR2 (EC 1.6.6.1) and ATP sulfurylase (EC 2.7.7.4) from cultured tobacco cells (22) . When these cells were provided growth-limiting concentrations of sulfate, the rate of development of NR was proportional to the initial sulfate concentration. Cells cultivated with growth-limiting concentrations of nitrogen as nitrate had a rate ofdepression of ATP sulfurylase proportional to the initial nitrate concentration (22 (24) . In this paper we present results about the regulation of this enzyme activity by nitrogen nutrition.
We used Lemna minor L. for this study, because in this plant the nutrient solution is in direct contact with the green cells of the fronds, and because it can be cultivated aseptically under steady state conditions for prolonged periods of time. For comparison, ATP sulfurylase and NR were included. Preliminary reports of our findings have been published (5, 7).
MATERIALS AND METHODS
Lemna minor L., strain 6580 of Landolt's collection of Lemnaceae (16) was cultivated aseptically as previously described (4) on E-NO3 medium (1 1) containing 1.67 mM NO3-. Media deficient in NO3-were prepamd by replacing the Ca (NO3)2 *4 H20 by equimolar amounts of CaCl2 -6H20. Before the experiments, the plants were routinely cultivated under steady state conditions for 5 d. Plants were washed for 1 min with H20 at 4°C and extracts were prepared by grinding in a glass homogenizer cooled with ice water in 0.1 M Tris-HCI (pH 8.0) containing 100 mm KCI, 20 mm MgCl2, and 10 mm DTE. Routinely, 200 mg plant material was homogenized in 2 ml buffer solution. The homogenate was centrifuged for 10 min at l0,OOOg, and the supernatant was immediately used for the assay of the enzymes. APSSTase was measured by the production of [35S]sulfite, assayed as acidvolatile radioactivity from [35S]APS in the presence of DTE (6, 23) .
ATP sulfurylase activity was determined in the back reaction by measuring the ATP formed from PPi and APS using a luciferin-luciferase system (25) .
NR activity was estimated by measuring the NO2-produced from NO3- (14) .
Protein which served as a reference for enzyme activities was determined according to Bradford (3), using BSA as a standard.
Acrylamide disc gel electrophoresis was performed according to Quatrano (19) . APSSTase activity was located on the gels by BRUNOLD AND SUTER cutting them into 2-mm slices, which were transferred to complete APSSTase assay mixture.
In transferred to H20 at 4°C for 30 min. The fronds were homogenized in 4 ml 0.6 N NaOH. The homogenate was kept at 4°C for 12 h, then 0.4 ml 9.1 N HC104 were added and after 4 h at 4°C the precipitated proteins were pelleted at 10,000g for 10 min. The pellet was washed twice with 4 ml 0.5 M HC104. After the addition of 10 Al 1 N NaOH the protein-S was oxidized to SO42-using H202 (4). The supernatant was fractionated into an amino acid and a sulfate fraction (26) . Both fractions were taken to dryness and treated with H202 (4) after addition of 10 Al 1 N NaOH. The protein, amino acid, and sulfate fractions were dissolved in 1 ml 0.1 N HCI and their radioactivity was determined. Radioactivity was measured using an MR 300 liquid scintillation spectrometer (Kontron, Zunrich, Switzerland). The counting fluid was toluene-Triton X-100 (2:1, v/v) with 4 g/l PPO and 120 mg/l POPOP.
Total proteins were extracted according to Dicht et al. (10) and determined according to Bradford (3) and Layne (17), using BSA as a standard.
The fresh weight was determined after blotting the fronds with filter paper and the dry weight after 24 h at 80°C.
Nitrate and ammonium in the nutrient solution were determined according to Feller et al. (12) and Boley (2) Figure 1 shows the effect of various NO3-concentrations on the extractable activity of APSSTase, ATP sulfurylase, and NR and on protein measured in the extract of Lemna minor. These parameters were measured after cultivation with the various concentrations for 48 h. At 0.2 and 0.04 mM all three activities were decreased. The decrease was greater for NR and APSSTase than for ATP sulfurylase activity. Because of the constant exchange of the nutrient solution, the NO3-remained at the initial level for the three higher concentrations. At Figure 3 the effect oftransfer ofLemna to nitrogen-deficient medium and back to medium containing either NHV or N03-on specific APSSTase activity is presented. The omission of the nitrogen source affected the enzyme similarly as shown in Figure  2 , with a rapid decrease during the first 24 Figure 4 . Addition of 10 mm NH4Cl caused a rapid increase in specific activity of APSSTase, followed by a slow decrease. After 72 h, a level of APSSTase specific activity was reached which was about 25% higher than initially. NR cultures.
RESULTS

DISCUSSION
The results presented in this paper fit well into the model of the regulatory coupling between the nitrogen and sulfur assimilation pathways (22) . This diagram involves negative feedback of the nitrogen assimilation pathway by its own end product(s) and positive regulation of the sulfur assimilation pathway by the nitrogen pathway if N is not limiting for growth (22) . On the basis of published results (1, 13, 20, 28) (4) . Results from cell cultures of Catharanthus roseus, furthermore, showed that the reducing steps of assimilatory sulfate reduction lacked correlation with the regulation of ATP sulfurylase (27) . In agreement with these observations. ATP sulfurylase activity was not affected by the addition of NH4' to the medium of L. minor. These plants contain increased levels of protein (10) . Our tracer experiment using [35S]SO42-showed that more radioactive sulfur was incorporated into the proteins in the presence of ammonium, indicating an increased flux of sulfur through the sulfate assimilation pathway. The increased level of APSSTase activity could be a means for making this increased flux possible and providing the necessary sulfur amino acids for increased protein synthesis.
The signal from the nitrate assimilation pathway to sulfate assimilation is not clear. The repression of nitrate reductase in L. minor is thought to be mediated by some product of ammonium assimilation,e.g., by glutamine rather than by ammonium (1, 29) . Such a product could also be involved in the coordination of the sulfate and nitrate assimilation pathway. Experiments to test this hypothesis are planned.
